Single plagioclase paleointensity experiment has been an excellent tool to reliably estimate ancient geomagnetic field intensity. Although transparent plagioclases with magmatic nanophase magnetites have shown their potential for paleointensity estimation, in most cloudy plagioclases with exsolved magnetites, the problems of strong anisotropy as rod-shape magnetites, the hyperbolic tangential saturation of thermoremanence (TRM), and slow cooling of host plutons need to be addressed. In this paper, we propose experimental schemes to address these problems with considerations of error estimation and uncertainty for paleointensity experiments on exsolved magnetite. First, in order to experimentally check the effect of the hyperbolic tangential saturation of TRM, we performed Thellier simulation experiments using laboratory total TRM as simulated natural remanence (NRM). Single cloudy plagioclases were sampled from early Cretaceous granite in the Kitakami massif, Northeast Japan. We designed the experiment where the total TRM and the partial TRMs in the Thellier experiments were acquired under different field intensities. For these experiments, correction for hyperbolic tangential TRM acquisition yielded precise field intensity estimations. Next, Thellier experiments on NRM of the crystals from the same granite were performed as a demonstration of correction schemes for both magnetic anisotropy and hyperbolic tangential TRM acquisition. Precise determination of anisotropy tensor seems to be the major challenge for single plagioclase paleointensity estimation with exsolved magnetite.
Introduction
The intensity of Earth's magnetic field in the past is essential information for understanding of the behavior and history of the geodynamo. Silicate minerals containing exsolved magnetite in plutonic rocks have recently appeared as new targets for paleointensity studies (Feinberg et al., 2005; Selkin et al., 2008) . Plutonic rocks are less susceptible to weathering than volcanic rocks. Thus, they are important recorders of pre-Mesozoic magnetic field information (Tarduno et al., 2007; Selkin et al., 2008) . Slowly cooled plutonic rocks may also record long-term average of geomagnetic field variation, which is sometimes difficult to obtain from volcanic rocks (Granot et al., 2007) . On the basis of the comparison between paleointensity estimation from gabbros and basaltic glass in the Troodos ophiolite, Granot et al. (2007) proposed that geomagnetic field during the Cretaceous Normal Superchron had large variation in a timescale of ∼10 5 years. They suggested that scatters in previous paleointensity estimates for this period (Tarduno et al., 2001 (Tarduno et al., , 2002 Tanaka and Kono, 2002; Tauxe and Staudigel, 2004) are partly due to the under-sampling of the Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. true variability of geomagnetic field at that time. However, plutonic rocks sometimes contain coarse-grained and magnetically unstable magnetite (Dunlop andÖzdemir, 1997) . Ferromagnesian minerals in whole rock samples may be altered to produce new magnetic minerals in geological condition as well as during laboratory experiments, which lead to failure in paleointensity determinations (Cottrell and Tarduno, 2000; Tarduno et al., 2007) . These problems have prohibited more rigorous paleointensity research on plutonic rocks. We intend to improve reliability of paleointensity determination from plutonic rocks using the single silicate crystal approach.
Transparent single silicate crystals have succeeded to reveal reliable paleointensity data from basaltic rocks (Cottrell and Tarduno, 1999; Tarduno et al., 2006) as well as from granitic plutons (Tarduno et al., 2007) . Those crystals can contain near single-domain (SD) occluded magnetite inclusions which can record faithful paleointensity of the geomagnetic field, and the silicate host armors the magnetite inclusions against alterations (Tarduno et al., 2006) . Exsolved magnetites are also frequently contained in plagioclase in plutonic or metamorphic rocks (MacGregor, 1931; Poldervaart and Gilkey, 1954; Feinberg et al., 2005) . Typically, exsolved magnetites are a few microns in length with strong shape anisotropy. Thus they should be of SD to pseudo-single-domain (PSD) behavior (Butler and Banerjee, 1975) . Rocks containing these magnetites have been demonstrated to record stable magnetization (Hargraves and Young, 1969; Morgan and Smith, 1981; Xu et al., 1997; Selkin et al., 2000; Halls and Zhang, 2003; Halls et al., 2007) . Questions of critical importance to paleomagnetism are the timing and temperature at which the exsolution occurs and whether the NRM of the exsolved magnetite is a TRM or a thermochemical remanent magnetization (TCRM). TCRM is a less efficient magnetization process than TRM, and paleointensity experiments using TCRM would underestimate the actual intensity of ancient field (Stacey and Banerjee, 1974) . Unfortunately, there is no mineralogical evidence for NRM of exsolved magnetite in plagioclase to be TRM (Armbrustmacher and Banks, 1974; Halls and Zhang, 2003; Feinberg et al., 2005) . A paleomagnetic study proposed that alteration by CO 2 fluid may modify and remagnetize exsolved magnetite in plagioclase (Halls et al., 2007) . On the other hand, Halls and Zhang (2003) explained their paleomagnetic results from exsolved magnetite as either TRM or high temperature (450∼550
• C) thermochemical remanence. Feinberg et al. (2005) argued that total iron content in plagioclase plus exsolved magnetite is high enough to cause very high temperature exsolution. Taken together, it is safe to assume that exsolved magnetites record remanence acquired at >∼450
• C, unless particular source of CO 2 such as carbonatite is available. This implies that NRM is of TRM or high temperature TCRM at either initial cooling of magma or the peak metamorphic event of the region. Thus, paleointensity estimation from these materials can be used as a lower bound for the field intensity at that time.
Although exsolved magnetite in plagioclase is an attractive material to paleointensity experiments on plutonic rocks, recent rock magnetic investigations raise several potential problems such as strong magnetic anisotropy (Selkin et al., 2000; Feinberg et al., 2006) and slow cooling of host plutons (Halgedahl et al., 1980; Selkin et al., 2000) . In addition, Selkin et al. (2007) experimentally demonstrated that TRM of rock specimens containing exsolved magnetite saturates at field as weak as present geomagnetic field, resulting in hyperbolic tangential relationship between TRM and applied field under typical paleointensity experimental conditions. This behavior demands corrections in paleoinetnsity experiments. Using Néel SD theory (Néel, 1949) , Selkin et al. (2007) 
, where M is the acquired TRM, M rs is the saturation remanence, V is the grain volume, T B is the blocking temperature, M s (T B ) is the saturation magnetization at the blocking temperature, H is the applied field, and k B is the Boltzmann's constant. Selkin et al. (2007) attributed the hyperbolic tangential TRM acquisition observed in rocks containing exsolved magnetite in silicate to large grain volume, narrow size range and strong shape anisotropy of exsolved magnetite. Strong shape anisotropy enables magnetic grains to have large volume in SD state, and narrow size range and strong shape anisotropy result in high and narrow range of T B . Selkin et al. (2007) proposed a correction for paleointensity estimations using hyperbolic tangent function. However, they have not experimentally tested if their magnetite exsolution yielded a correct value of paleointensity with the proposed correction. On the other hand, Dunlop et al. (2005) conducted Thellier simulation experiments using laboratory induced TRM as simulated TRM and demonstrated that plagioclase crystals containing exsolved magnetite show ideal SD-like behavior and can record the accurate intensity of external magnetic field. However, they used the same magnetic field for the simulated NRM and laboratory TRM. Thus, the possible effect of magnetic anisotropy and hyperbolic tangential TRM acquisition were not explicitly addressed.
In this study, we investigate a correction scheme for TRM anisotropy and hyperbolic tangential TRM acquisition. We conduct Thellier simulation experiments using different fields for simulated NRM and laboratory pTRM in order to specifically check the validity of the model proposed by Selkin et al. (2007) . A demonstration of the Thellier paleointensity experiments on single plagioclase crystals containing exsolved magnetite with corrections for these effects is conducted using plagioclase crystals from a Cretaceous granitoid. The effect of cooling rate of the granite body on paleointensity estimate is investigated. The amount of experimental errors during these corrections on paleointensity values is also evaluated.
Sample Description
Plagioclase crystals were extracted from crushed granidoid samples taken from single site of the Goyozan Plutonic Complex in the South Kitakami massif, Northeast Japan (GG27 sample of Usui et al., 2006) . Using samples from only one site, we restrict our attention to a proof of technique rather than to an estimation of true paleointensity here. The plutonic complex is one of the numerous Cretaceous granitic plutons of ca. 120-110 Ma (Kawano and Ueda, 1965) in NE Japan intruding into the Jurassic accretional complex and early Cretaceous (HauterivianBarremian) volcanic rocks, overlain by thick Neogene volcaniclastics and marine sediments. Sample GG27 is a medium-grained biotite-hornblende granodiorite, located in the southern marginal zone of the complex. Microscopic observation of thin sections revealed the presence of large euhedral magnetites associated with clinopyroxenes and hornblendes and of magnetite microexolutions in plagioclase (Usui et al., 2006) . Magnetic data also showed that GG27 has a coercivity spectrum from distinct grain-size distribution of magnetites, with abundant very fine-grained and high coercivity fraction together with a large-grained and low coercive fraction. To focus on the magnetite microexolutions, surface ferromagnesian minerals attached on plagioclase crystals were removed using a supersonic cutting apparatus with a non-magnetic microblade under a binocular microscope. The plagioclase separates are partially cloudy and not perfectly transparent, thus the presence of large magnetic inclusions could not be completely excluded ( Fig. 1(a) ). Backscattered electron (BSE) observations revealed that the cloudiness in plagioclase consists of rod-shaped magnetite inclusions crystallographically lying along at least 3 crystallographic directions within the plagioclase ( Fig. 1(b) ; Usui et al., 2006) . Each magnetite inclusion has strong shape anisotropy with width less than 2 µm and length between 2 and 10 µm. Paleomagnetic studies of bulk core samples have revealed shallow inclination (<20
• ) with westerly declination for the granitoids in the South Kitakami massif (Otofuji et al., 2000) , implying the original position of the massif was low latitude. Inclination of −20.4
• was also derived from ca. 119-114 Ma welded tuff in the region (Otofuji et al., 1997) . No antipodal direction has been reported from granitoids, suggesting they have acquired NRM during the Cretaceous Normal Superchron (120 to 83 Ma). NRM directions of northwesterly declination with moderately steep inclination (∼55
• ) have also been reported from some of those granitoids (Itoh and Tokieda, 1986; Otofuji et al., 2000) , which was interpreted as remagnetization due to hydrothermal alteration of hornblende to actinolite resulting in the formation of secondary magnetite (Otofuji et al., 2000) . The inferred low latitude position for the South Kitakami massif during Cretaceous is consistent with plant assemblages (Ohana and Kimura, 1995) , even though the original proposal of the northward translation mechanism with Pacific plate motion (Otofuji et al., 1997) is incompatible with the presence of voluminous acidic rocks and with the correlation of timing of magmatic events in the massif with that in some continental terranes in SW Japan (Sakashima et al., 2003) .
Rock Magnetism
Progressive demagnetization experiments were conducted using alternating field (AF) and thermal method. A triaxial tumbling AF-demagnetizer DSPIN (Kono et al., 1984) and a thermal demagnetizer TDS-1 (Natsuhara Giken Ltd.) were used. TDS-1 is an electric furnace with a residual field less than 5 nT and with a precise temperature control (<1
• C). Magnetization was measured with a 2G model 760 DC-SQUID. Low temperature data was collected using a Magnetic Properties Measurement System. Saturation isothermal remanent magnetization (SIRM) was imparted with a 5 T field at 6 K, and magnetization was monitored during warming to room temperature. Hysteresis measurements were performed on a Princeton Micromag 2900 alternating gradient magnetometer at the Paleomagnetic Laboratory at the University of Rochester using P1 probes. The other experiments were performed at the Geological Survey of Japan. Thermal demagnetization of single plagioclase crystals yielded discrete unblocking temperatures in the range 550
• C-580
• C ( Fig. 2(a) ), suggesting nearly pure magnetite is the carrier of remanence. Low temperature data ( Fig. 2(b) ) shows the presence of the Verwey transition, providing further evidence that magnetite is the main magnetic phase. Magnetic hysteresis properties showed PSD characteristics with M rs /M s = 0.16 and H cr /H c = 2.19, where M rs is the saturation remanence, M s is the saturation magnetization, H cr is the coercivity of remanence and H c is the coercivity, respectively (Fig. 2(d) ). AF demagnetization revealed a relatively high coercivity with median destructive field (MDF) of ∼30 mT (Fig. 2(c) ). This value is lower than those for exsolved magnetite with later internal ulvospinel lamellae (Feinberg et al., 2005) . Since intraoxide microexsolution dramatically enhances the coercivity of inclusions, we feel that the exsolved magnetite in our samples did not undergo unmixing at lower temperatures after exsolution within the host plagioclase, thus free from complication by low temperature TCRM (Feinberg et al., 2005 (Feinberg et al., , 2006 .
Thellier Simulation Experiments

Method
On separated plagioclase crystals, we conducted Thellier simulation experiments using laboratory TRM in order to compare the intensity estimates with the controlled field intensity in paleointensity experiments. The crystals were mounted on square chips of quartz glass of 1 cm × 1 cm with Omega cement, so that we could control the orientation of samples during experiments. The modified version of the Thellier double-heating paleointensity experiment (Thellier and Thellier, 1959; Coe, 1967) was performed with applied field of 50 µT in the thermal demagnetizer TDS-1 at Geological Survey of Japan. For the Thellier simulation experiments, we imparted total TRM to specimens at 35 µT with the field parallel to the 50 µT field used in the following Thellier experiments, and used them as simulated NRM. Based on the pilot stepwise thermal demagnetizations, Thellier experiments were performed in the temperature range of 550∼585
• C. The nominal temperatures never overshot the target temperature in the TDS-1 during experiments. This, together with the success of the experiments, convinced us that the repeatability of temperature was better than ±0.5
• C. At selected temperature steps, we re-heated the specimen to a lower temperature step and cool in the laboratory field to assess the change of their capacity to acquire partial TRM (pTRM check). The pTRM check was performed at every other step. The following criteria are used to select the successful determinations: 1) Points must define the least square line with R 2 values >0.90. 2) At pTRM checks, pTRM intensities must fall within 10% of the original pTRM values. 3) Least squares fit of the directional data (Kirschvink, 1980) of the field-off steps must have a maximum angular dispersion of less than 15
• and show a trend toward the origin in orthogonal vector plots.
Samples with successful paleointensity determinations were subjected to a nonlinearity checks. Each sample was heated in air to 600
• C and cooled in fields. We measured TRM acquisition by multiple heatings using fields from 10 µT to 100 µT. Samples were oriented in the same way for the Thellier experiments in order to avoid the possible effect of magnetic anisotropy. After these measurements, one measurement was repeated to evaluate the effect of alteration by comparing it with the first measurement and pTRM during the Thellier experiments. We have rejected samples if the difference among the first measurement and the last measurement was larger than 10%. Acquired TRM magnitude (|M|) versus applied field intensity (|H|) was assumed to be in the form of |M| = α tanh(β|H|) (Selkin et al., 2007) , and the coefficients α and β were determined by least-square fits. Because the nominal intensity of applied field did not exhibit any noise larger than 0.1%, the experimental error in the measured TRM is likely independent of field strength. We approximated the error to be normally distributed. Then we could take the variance in difference between measured |M| and least-square values, s 2 M , as a measure of the error. Please note that this implicitly assumes that a TRM acquisition can be strictly described as the hyperbolic tangent function. In paleointensity estimation, we should estimate |H| from |M| and we are interested in the confidence limit of estimated ancient field intensity |H anc |. |H anc | can be estimated through
where M anc is the ancient TRM, M lab is the laboratory TRM, and H lab is the laboratory field. The ratio |M anc |/|M lab | is determined by the Thellier experiment. The uncertainty in |H anc | will be introduced from the uncertainty in the leastsquare determination of α and β, which is calculated by the linearized error propagation from s 2 M . Confidence limits of |H anc | can be evaluated numerically using Eq. (1) with Monte Carlo pseudo-data for β. Figure 3 shows the results of Thellier simulation experiments as remaining simulated NRM versus an acquired laboratory pTRM at 50 µT at temperature steps (Arai-plot (Nagata et al., 1963) ). If the assumption of linearity between TRM and applied field intensity holds, data should fall on a line with slope −(35 µT/50 µT) = −0.7. As is seen in Fig. 3 , the Arai plots are linear but considerably steeper than the expected slope. As a result, the estimated field intensity is higher than the field applied to produce the simulated NRM (35 µT). The same plagioclase crystals were employed in the nonlinear TRM acquisition test, revealing nonlinear behavior (Fig. 3(b) ). For those specimens, paleointensity estimates must be biased (Selkin et al., 2007) . Hyperbolic tangent function |M| = α tanh(β|H|) were fit to the data (Fig. 3(b, d) ). Corrected paleointensity estimations were calculated using Eq. (1) ( Table 1) . Their uncertainty is presented as the range which covered 95% out of 1000 Monte Carlo Pseudo-data from (1). This correction leads us to the results that the estimated paleointensity became close to the actual field value (Fig. 3(b, d) ).
Results
General Thellier Experiments
Correction schemes including magnetic anisotropy
While the Thellier simulation experiments were performed using laboratory field parallel to the simulated NRM, the actual NRM in the Thellier experiments are not parallel to the laboratory field. In order to check and correct possible bias due to TRM anisotropy in paleointensity estimation, we must determine anisotropy tensors of TRM. Anisotropy tensors of TRM can be determined by the leastsquare fit to the remanence measurements along different axes (Hext, 1963) . Once anisotropy tensor χ χ χ χ χ χ χ χ is determined, anisotropy-corrected paleointensity can be calculated thorough the equation (also see Selkin et al., 2000) where m anc is the unit vector along the characteristic remanence of the sample. This formulation uses χ χ χ χ χ χ χ χ twice, in contrast to the series of calculations expressed by Selkin et al. (2000) which uses χ χ χ χ χ χ χ χ four times. Our formulation will minimize the error in paleointensity estimate due to the uncertainty in χ χ χ χ χ χ χ χ . Note that application of this equation as well as Selkin et al's (2000) to the results obtained by stepwise Thellier experiments implicitly assumes that the shapes of anisotropy tensors are homothetic for grain populations with different blocking temperatures.
When we want to make corrections for anisotropy and hyperbolic tangential TRM acquisition simultaneously, however, we cannot use Eq. (2) which uses the conventional linear relationship between TRM and applied field as M = χ χ χ χ χ χ χ χ H in the first transformation. Previous studies proposed correction procedures for TRM anisotropy (Selkin et al., 2000) and for nonlinear TRM acquisition (Selkin et al., 2007) separately. We will investigate simultaneous correc- Regression coefficient R 2 , number of temperature steps used in line fit N , fraction of NRM used in line fit f , gap factor g, and quality factor q.
tions for these two effects here, but restrict our attention to the case where the shape of anisotropy tensor χ χ χ χ χ χ χ χ remains homothetic for different applied field strength. Near TRM saturation, TRM anisotropy approaches to the anisotropy of saturation isothermal remanence, which is generally different from weak-field TRM anisotropy. So, the above condition would be met when hyperbolic tangential TRM saturation is not severe in the field strength of interest. The relationship between TRM and applied field becomes
where c is a constant (scalar). The value of c is obtained,
Accordingly Eq. (2) is modified into
The uncertainty in |H anc | can also be evaluated numerically from this equation with Monte Carlo pseudo-data of β and χ χ χ χ χ χ χ χ. An alternative formulation is possible by explicitly adjusting the directions of TRM. If the ancient field had been parallel to the laboratory field, the specimen would have acquired TRM of magnitude of
where h lab and h anc are unit fields parallel to the laboratory field and the ancient field, respectively. Since hyperbolic tangential TRM acquisition is measured along the direction of laboratory field, Eq. (1) is valid in that direction. A paleointensity estimate can be obtained as
Note that in Eq. (3), β and χ χ χ χ χ χ χ χ are used twice, while Eq. (4) uses χ χ χ χ χ χ χ χ three times and uses α and β once. Depending on the quality of estimation of α, β, and χ χ χ χ χ χ χ χ , one should choose an appropriate formulation.
A case study on single plagioclase crystals
In order to demonstrate the correction schemes, we have conducted Thellier experiments on NRM of 53 plagioclase crystals separated from the Goyozan granitoid (Table 2) . We found that 6 crystals met our selection criteria ( Fig. 4 ; Table 2 ). Regression coefficients and quality factors (Coe et al., 1978) were tabulated in Table 2 . The weighted average of 6 successful results gives uncorrected paleointensity of 49.2±7.9 µT. Of the 47 rejected results, 29 samples failed to fulfill pTRM checks, and 27 of them indicate increase of the capacity to acquire TRM. Ten samples showed convex down curves in Arai-plot, which implies the presence of multi-domain magnetic grains (Levi, 1977) . The rest of the samples yielded scatter in the Arai-plots or in the orthogonal vector plots, mainly because remanence intensities were too weak.
We performed TRM acquisition checks and anisotropy tests on the 6 successful crystals. TRM acquisition was determined in the same way to the Thellier simulation experiments. In TRM anisotropy experiments, we used seven directions including body diagonal directions through spec- imens (Nye, 1957; Borradaile and Stupavsky, 1995) to impart TRM using a hand-made sample holder, and measured each TRM along three axes in the magnetometer. TRM was imparted by heating samples up to 600
• C and cooling in air in a 50 µT magnetic field. After measuring TRM for seven directions, TRM along the first orientation was measured to check possible change of samples' capacity to acquire a TRM. We have rejected samples if the difference between two measurements along the first orientation was larger than 10%.
Out of the six crystals, three crystals passed the reliability check for thermal alteration during TRM acquisition and anisotropy tests. They exhibited hyperbolic tangential TRM acquisition (Fig. 5 ) and strong anisotropy (Table 3) . Nonetheless, no sample showed complete saturation up to 88 µT, which is the highest paleointensity estimation before corrections (Table 2 , Fig. 3, and Fig. 5 ). So the TRM anisotropy tensor is likely to be similar for all applied field intensities close to 50 µT, including the estimated ancient field. Under this assumption, we calculated |H anc | using Eqs. (3) or (4) ( Table 4 ). Two crystals revealed that their errors are too large to give meaningful values in archyperbolic tangent function in (3) or (4) covering 95% of 1000 Monte Carlo pseudo-data. One crystal yielded paleofield strength of 29.3∼44.0 µT as 95% range using (3). The same crystal failed to give a meaningful paleointensity by (4). This is due to the large error in the estimation of χ χ χ χ χ χ χ χ .
Discussion and Conclusion
We demonstrated that our exsolved magnetite in plagioclase can be used as paleointensity recorders. Strong magnetic anisotropy and hyperbolic tangential TRM acquisition require additional corrections, but the validity of previously proposed correction methods (Selkin et al., 2000 (Selkin et al., , 2008 was experimentally confirmed for single crystal experiments. On the other hand, additional corrections would introduce more uncertainty and would increase failure rate of the paleointensity experiments, unless the anisotropy and TRM acquisition are carefully characterized.
The practical use of exsolved magnetite in plagioclase in general for paleointensity experiments relies on the strength of magnetic anisotropy and deviation from linear TRM acquisition. Both of them depend on the texture (shape, size and orientation) of magnetite within a host plagioclase, which in turn result from composition and thermal history of the plagioclase crystal. Our magnetite shows at least 3 elongation directions within a plagioclase. It is likely that the multiple elongation directions reduce the bulk magnetic anisotropy. On the basis of detailed microscopic observation on gabbro-norite, Sobolev (1990) reported magnetite rods in plagioclase exhibit 1 to 5 orientations within plagioclase lattice. He further demonstrated that the variation in elongation direction of magnetite reflects differences in composition of host plagioclase crystals: plagioclases with anorthite content higher than 35 have multiple elongation directions. Thus plagioclase with high anorthite content seems to be promising for paleomagnetic application. Plagioclase crystals from the Goyozan plutonic complex show anorthite content of ∼40 to ∼60, consistent with this prediction. For nonlinearity in TRM acquisition, theory (Néel, 1949) predicts that the larger grain size of exsolved magnetite corresponds to the lower TRM saturation field (Selkin et al., 2007) . Previous studies reported various grain sizes for exsolved magnetites in plagioclase, from less than few µm (Zhang, 1999) to 10 µm (Xu et al., 1997) in length. The reason for this variation is, to the authors' knowledge, not well understood and systematic studies are needed.
Applying our corrections for the effect of magnetic anisotropy and nonlinear TRM acquisition, we estimate that the intensity of the geomagnetic field at the original low-latitude location of the granitoid was 29.3∼44.0 µT at ∼110 Ma. Slow cooling of plutonic rocks decreases effective blocking temperature. Because magnetization increases with decreasing temperature, plutonic rocks may have a greater TRM than otherwise identical specimens cooled more rapidly in the laboratory (Halgedahl et al., 1980) . We model the cooling of the pluton using a simple 1D dyke model. This model assumes that the Goyozan granitoid magmas were injected as a single 900
• C sill with 5 km thickness into 200
• C basement and cooled conductively below their solidus (Turcotte and Schubert, 1982) . Previous gravity surveys confirmed that the bulk of the plutonic complex is a tabular sill with <3 km thick (Kano, 1978; Nabetani, 1982) . The calculation indicates that the Goyozan granitoid would take approximately 10 5 years to cool from 585 to 550
• C (approximately the blocking temperature range). This value is consistent with an estimation of cooling rate of a neighboring granitoid body (the Kurihashi body) on the basis of radiometric datings for minerals with different blocking temperatures (Japan Nuclear Cycle Development Institute, 1999) . This result implies that the Thellier method overestimates paleointensities by ∼35% (Halgedahl et al., 1980; Selkin et al., 2000) . Therefore, we correct the paleofield intensity to around 19.0∼28.6 µT. Using an inclination from Otofuji et al. (1997) , the corresponding VADM for ∼110 Ma is calculated as 4.9∼7.4 (×10 22 A m 2 ). We should note that this cooling time is for the entire complex. Single site may have cooled more rapidly. Together with the possibility that NRM is not TRM but TCRM, we note that this paleointensity estimation is only a preliminary figure. 
